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INTRODUCTION 

The management of coal ash in utility boilers continues to be one of the most 
important fuel property considerations in the design and operation of commercial 
boilers. The behavior of mineral matter in coal can significantly influence furnace 
sizing, heat transfer surface placement, and convection pass tube spacing. Ironi- 
cally, many of the more reactive, low rank U. S. coals must have larger furnaces 
than the less reactive higher rank coals. This is strictly a requirement based 
on the mineral matter behavior; Figure 1 illustrates this point. Given the same 
mineral matter behavior the more reactive, lower rank coals would require less 
residence time and therefore smaller furnace volumes than the less reactive, higher 
rank coals. 

Although pulverized coal has been fired for more than 50 years and much is known 
about combustion behavior there are still a number of boilers experiencing operat- 
ional problems from coal ash effects. Ash-related problems are one of the primary 
causes of unscheduled outages, unit derating and unavailability. Because of varia- 
bility in a given coal seam and since many boiler operators may experience changes 
in their coal supply during the life of a boiler, operational problems caused by 
changes in coal ash properties can significantly affect boiler performance. Not 
only must the initial boiler design be correctly determined based on the specifi- 
cation coal but reliable judgements must be made regarding the suitability of other 
candidate coals and their effect on operation during the lifetime of the boiler. 

The increased emphasis on coal usage in this country and, indeed, the significant 
effort underway to consider coal water mixtures as possible oil substitutes in 
oil-designed boilers underscores the need to improve the prediction of mineral 
matter behavior in a boiler environment. 

Coal is a very heterogeneous, complex material which produces heterogeneous, com- 
plex products during combustion. Since, during pulverized coal combustion, coal 
particles of various organic and mineral matter compositions can behave in com- 
pletely different manners, prediction based upon the overall or average composition 
may be misleading. Like many of the currently-used ASTM coal analyses, the method 
for determining ash fusibility temperatures was developed when stoker firing was 
a predominant coal firing technique; the methodologies and conditions employed 
during many of the ASTM tests reflect this. It is not surprising that the useful- 
ness of some ASTM test results may be limited when used for a pulverized coal 
firing application. In recent years researchers have developed methodologies for 
characterizing coal ash behavior that better reflect the fundamental mechanisms 
controlling behavior and more closely simulate the conditions that exist in a pul- 
verized coal fired boiler. 

Clearly there is a need for improved mineral matter behavior predictive techniques. 
This paper will provide a statement of the ash deposition problem in pulverized 
coal fired boilers, it will present an assessment of the older, traditional methods 
for predicting mineral matter behavior and it will address some of the newer tech- 
niques that have been suggested as better ways of characterizing coal ash behavior. 
Additionally some areas of uncertainty will be identified as requiring the develop- 
ment of better predictive techniques. 

193 

i 



STATEMENT OF THE PROBLEM 

The presence o f  ash d e p o s i t s  and f l y a s h  can c r e a t e  the  f o l l o w i n g  problems i n  a 
b o i l e r :  

1. Reduced heat  t r a n s f e r  
2. Impedance o f  gas f low 
3. Phys i ca l  damage t o  p ressu re  p a r t s  
4. Cor ros ion  o f  p ressu re  p a r t s  
5. E ros ion  o f  p r e s s u r e  p a r t s  

These problems can r e s u l t  i n  reduced g e n e r a t i n g  capac i t y ,  unscheduled outages, 
reduced a v a i l a b i l i t y ,  and c o s t l y  m o d i f i c a t i o n s .  

Ash which depos i t s  on b o i l e r  w a l l s  i n  t h e  r a d i a n t  s e c t i o n  of  a f u rnace  i s  g e n e r a l l y  
r e f e r r e d  t o  as s lagg ing .  Ash d e p o s i t i o n  on convec t i on  tube  s e c t i o n s  downstream 
o f  t he  fu rnace  r a d i a n t  zone i s  t y p i c a l l y  r e f e r r e d  t o  as f o u l i n g .  Ash s l a g g i n g  and 
f o u l i n g  can r e s u l t  i n  p rob lems l i s t e d  i n  i tems 1 th rough  4; i t em 5, e ros ion ,  i s  
t h e  r e s u l t  o f  impingement o f  ab ras i ve  ash on p ressu re  p a r t s .  O f ten  coa l  ash depos i t  
e f f e c t s  a r e  i n t e r - r e l a t e d .  For  example, s l a g g i n g  w i l l  r e s t r i c t  wa te rwa l l  hea t  
abso rp t i on  chang ing  t h e  tempera tu re  d i s t r i b u t i o n  i n  t h e  b o i l e r  which i n  t u r n  
i n f l u e n c e s  t h e  n a t u r e  and q u a n t i t y  o f  ash d e p o s i t i o n  i n  downstream convec t i ve  
sec t i ons .  Ash depos i t s  accumulated on convec t i on  tubes  can reduce t h e  c ross -  
s e c t i o n a l  f l o w  a rea  i n c r e a s i n g  f a n  requ i rements  and a l s o  c r e a t i n g  h i g h e r  l o c a l  
gas v e l o c i t i e s  wh ich  a c c e l e r a t e s  f l y a s h  e ros ion .  I n  s i t u  depos i t  r e a c t i o n s  can 
produce l i q u i d  phase components wh ich  a r e  i ns t rumen ta l  i n  tube co r ros ion .  

One o f  t h e  most common m a n i f e s t a t i o n s  o f  a d e p o s i t i o n  problem i s  reduced hea t  t r a n -  
s f e r  i n  t h e  r a d i a n t  zone o f  a fu rnace.  Decreased heat  t r a n s f e r  due t o  a r e d u c t i o n  
i n  su r face  a b s o r p t i v i t y  i s  a r e s u l t  o f  t h e  combina t ion  o f  r a d i a t i v e  p r o p e r t i e s  
o f  t h e  depos i t  ( e m i s s i v i t y l a b s o r p t i v i t y )  and thermal  r e s i s t a n c e  ( c o n d u c t i v i t y )  o f  
a depos i t .  Thermal r e s i s t a n c e  ( the rma l  c o n d u c t i v i t y  and depos i t  o v e r a l l  t h i c k n e s s )  
i s  u s u a l l y  more s i g n i f i c a n t  because o f  i t s  e f f e c t  on absorb ing  su r face  temperature.  

Prev ious  work has i n d i c a t e d  t h a t  t h e  p h y s i c a l  s t a t e  o f  t h e  depos i t  can have a s ign -  
i f i c a n t  e f f e c t  on t h e  r a d i a t i v e  p r o p e r t i e s ,  s p e c i f i c a l l y  mo l ten  d e p o s i t s  show 
h i g h e r  e m i s s i v i t i e s / a b s o r p t i v i t i e s  than s i n t e r e d  o r  powdery depos i t s  (Ref.  1) .  
A l though t h i n ,  mo l ten  d e p o s i t s  a re  l ess  t roub lesome f rom a heat t r a n s f e r  aspec t  
t h a n  t h i c k ,  s i n t e r e d  d e p o s i t s ,  mo l ten  d e p o s i t s  a re  u s u a l l y  more d i f f i c u l t  t o  remove 
and cause f rozen d e p o s i t s  t o  c o l l e c t  i n  t h e  lower  reaches of  t h e  fu rnace;  phys i ca l  
removal  t hen  becomes a p rob lem f o r  t he  w a l l  b lowers .  

Impedance t o  gas f l ow  i s  t h e  r e s u l t  o f  heavy f o u l i n g  on tubes  i n  t h e  c o n v e c t i v e  
s e c t i o n .  Problems o f  t h i s  t y p e  a re  most l i k e l y  t o  occur  w i t h  coa ls  hav ing  h i g h  
sodium conten ts ,  u s u a l l y  f ound  i n  low  rank  coa l  depos i t s  i n  Western U.S. seams. 
Hard, bonded depos i t s  can occu r  wh ich  a re  r e s i s t a n t  t o  removal by t h e  r e t r a c t  soo t -  
b lowers .  

P h y s i c a l  damage t o  p r e s s u r e  p a r t s  can occu r  i f  l a r g e  d e p o s i t s  have accumulated 
i n  t h e  upper fu rnace and proceed t o  become d i s lodged  o r  b lown o f f  and d rop  on to  
t h e  s lopes o f  t h e  lower  fu rnace.  Such d e p o s i t s  a re  u s u a l l y  cha rac te r i zed  b y  t h e i r  

r e l a t i v e l y  h igh  bonding s t r e n g t h s  and t h e i r  h e a v i l y  s i n t e r e d  s t r u c t u r e .  
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Fireside corrosion can occur on both waterwall and superheater tube surfaces. Normal 
sulfates and pyrosulfates are frequently the cause of waterwall corrosion, although 
reducing conditions can also cause depletion of protective oxide coatings on tube 
surfaces. On higher temperature metal surfaces, (superheaters/reheaters) a1 kal i - 
iron-trisulfates are often the cause o f  corrosion. Chlorine can also be a contri- 
buting factor toward superheater metal corrosion. While exact mechanisms can be 
argued there have been examples of both liquid phase and gas phase corrosion when 
chlorides have been present (Ref. 2 ) .  

Erosion of convective pass tubes, while not a function of deposits, is caused by 
the abrasive components in flyash. Flyash size and shape, ash particle composition 
and concentration, and local gas velocities play important roles concerning erosion 
phenomenon. Recent work has shown that quartz particles above a certain particle 
size are very influential in the erosion process and that furnace temperature 
history plays an important role in determining erosive characteristics of the 
particles (Ref. 3 E 4). 

FUNDAMENTAL CONSIDERATIONS IN ASH DEPOSITION 

The coal ash deposition process is extremely complex and involves numerous aspects 
of coal combustion and mineral t r ans fo rma t ion / reac t i on .  The following all play a 
role in the formation of ash and the depositon process. 

Coal Organic Properties 
Coal Mineral Matter Properties 
Combustion Kinetics 
Mineral Transformation and Decomposition 
Fluid Dynamics 
Ash Transport Phenomena 
Vaporization and Condensation of Ash Species 
Deposit Chemistry - Specie Migration and Reaction 
Heat Transfer To and From the Deposit 

Despite considerable research in these areas, there are many gaps in our fundamental 
understanding of the mechanisms responsible for mineral matter behavior. Although 
substantial knowledge exists concerning the deposition process, the complexity of 
the subject does not allow detailed discussion here. However, the importance of 
furnace operating conditions on the combined results of each of the above areas 
must be stressed. For a given coal composition, furnace temperatures and residence 
times generally dictate the physical and chemical transformations which occur. The 
ash formation process is primarily dependent on the time/temperature history of 
the coal particle. The resultant physical properties of a given ash particle gener- 
ally determine whether it will adhere to heat transfer surfaces. Local stoichio- 
metries can also influence the transformation process and thereby the physical 
characteristics of ash particles; iron-bearing particles are a prime example of 
this. 

Aerodynamics can play a role in the ash deposition process in all furnaces regard- 
less of the type of firing; recent interest in microfine grinding of coal is testi- 
mony to this fact. It has been postulated that smaller ash particles will follow 
gas streamlines and be less likely to strike heat transfer surfaces. This is a 
logical hypothesis for those ash particles that cause deposition due to an impact 
mechanism. In addition to particle size, particle density and shape also affect 
aerodynamic behavior. Molten, spherical particles will be less likely to follow 
gas streamlines than angular or irregular particles of the same mass due to the 
difference in drag forces. 
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Most coal  ash w i l l  r e s u l t  i n  d e p o s i t s  o f  i n c r e a s i n g  s e v e r i t y  w i t h  i n c r e a s i n g  gas 
temperature.  T h i s  i s  n o t  a l i n e a r  r e l a t i o n s h i p ,  as i l l u s t r a t e d  i n  F i g u r e  2, b u t  
r a t h e r  shows a p r o g r e s s i v e l y  more severe ash d e p o s i t  c o n d i t i o n  w i t h  i n c r e a s i n g  
gas temperature (Ref.  5). B o i l e r s  are n o r m a l l y  designed so t h a t  c leanab le ,  s i n t e r e d  
depos i ts  w i l l  be formed. Th is  i s  a reasonable compromise between a very  la rge ,  
economica l l y  u n c o m p e t i t i v e  b o i l e r  t h a t  may produce very  d r y ,  d u s t y  d e p o s i t s  and 
a v e r y  smal l ,  h i g h l y  l o a d e d  b o i l e r  t h a t  would produce molten, r u n n i n g  ash d e p o s i t s .  

The key govern ing  f a c t o r ,  then, i s  de termin ing  how smal l  a f u r n a c e  can be, f o r  
a g iven MW outpu t ,  and s t i l l  r e s u l t  i n  d e p o s i t s  t h a t  a re  c l e a n a b l e  w i t h  conven- 
t i o n a l  soo tb lowing  equipment.  

Because o f  the  c o m p l e x i t y  o f  t h e  ash f o r m a t i o n  and ash d e p o s i t i o n  process, it seems 
l o g i c a l  t o  deal  f i r s t  w i t h  those key  c o a l  c o n s t i t u e n t s  most r e s p o n s i b l e  f o r  ash 
d e p o s i t i o n .  The i r o n  and sodium conten ts  o f  an ash have t y p i c a l l y  been cons idered 
key  c o n s t i t u e n t s .  Techniques have been developed t o  determine how these key con- 
s t i t u e n t s  are c o n t a i n e d  i n  t h e  c o a l ,  i.e., t h e  p a r t i c u l a r  m i n e r a l  forms t h a t  are 
p resent  or the  g r a i n  s i z e  o f  t h e  c o n s t i t u e n t  i n  ques t ion .  Obv ious ly  the  remainder 
o f  the  m i n e r a l  m a t t e r  has an e f f e c t ,  b u t  depending on t h e  c o n c e n t r a t i o n  and fo rm 
i n  which i r o n  and/or sodium c o n s t i t u e n t s  a r e  p r e s e n t ,  t h e  remain ing  m i n e r a l  m a t t e r  
o f t e n  has second o r d e r  e f f e c t s .  

As p r e v i o u s l y  discussed, ash f o r m a t i o n  and the  r e s u l t i n g  ash s i z e  d i s t r i b u t i o n  
i s  extremely complex and i s  dependent on s e v e r a l  f a c t o r s  i n c l u d i n g  i n i t i a l  coa l  
s i z e ,  coa l  b u r n i n g  c h a r a c t e r i s t i c s ,  m i n e r a l  con ten t ,  m i n e r a l  g r a i n  s ize,  v o l a t i l e  
ash species, m e l t i n g  b e h a v i o r  o f  t h e  m i n e r a l  m a t t e r ,  and tempera ture  h i s t o r y  o f  
t h e  p a r t i c l e .  Genera l l y ,  c o a l  c o n t a i n i n g  lower m e l t i n g  m i n e r a l  m a t t e r  has a g r e a t e r  
p o t e n t i a l  f o r  ash agg lomera t ion  as the p a r t i c l e  burns and y i e l d s  fewer ash par -  
t i c l e s  per  coa l  p a r t i c l e  which r e s u l t s  i n  coarser  ash p a r t i c l e s  than those o f  coa l  
w i t h  h i g h e r  m e l t i n g  ash. O b v i o u s l y  t h i n g s  l i k e  ash q u a n t i t y ,  and m i n e r a l  g r a i n  
s i z e s  c o u l d  i n f l u e n c e  t h i s  hypothes is .  The way a c o a l  p a r t i c l e  burns may a l s o  
i n f l u e n c e  t h e  number o f  ash p a r t i c l e s  generated, i .e . ,  a s h r i n k i n g  sphere b u r n i n g  
mode may produce a d i f f e r e n t  r e s u l t  f rom a c o n s t a n t  diameter,  decreas ing  d e n s i t y  
mode of burn ing ;  s w e l l i n g  c o a l s  may behave d i f f e r e n t l y  t h a n  n o n - s w e l l i n g  coa ls .  

I n  r e f l e c t i n g  on t h e  above d iscuss ion ,  i t  becomes apparent t h a t  one cannot com- 
p l e t e l y  d i v o r c e  t h e  p r e d i c t i v e  techn iques  employed, f rom t h e  p a r t i c u l a r  coa l  
b u r n i n g  a p p l i c a t i o n .  P u l v e r i z e d  c o a l  f i r i n g  w i l l  r e q u i r e  a s e n s i t i v i t y  t o  d i f f e r e n t  
c o n d i t i o n s  than s t o k e r  f i r i n g ,  o r  a s l a g g i n g  combustor. F a i l u r e  t o  address t h e  
s p e c i f i c  c o n d i t i o n s  i n h e r e n t  i n  each t y p e  o f  f i r i n g  system w i l l  l e a d  t o  lower 
r e s o l u t i o n  i n  o n e ' s  p r e d i c t i v e  a b i l i t i e s  than des i red .  

ASSESSMENT OF TRADITIONAL PREDICTIVE METHODS 

ASTM measurements such as ash f u s i b i l i t y  (D1857) have formed t h e  b a s i s  f o r  t r a d i -  
t i o n a l  ash behav io r  p r e d i c t i v e  techn iques .  These bench-scale t e s t s  p r o v i d e  r e l a t i v e  
i n f o r m a t i o n  on a f u e l ;  t h i s  i s  used i n  a compara t ive  f a s h i o n  w i t h  s i m i l a r  da ta  
on f u e l s  o f  known b e h a v i o r .  U n f o r t u n a t e l y ,  t h e  commonly used t e s t s  do n o t  always 
p r o v i d e  s u f f i c i e n t  i n f o r m a t i o n  t o  p e r m i t  accura te  comparison. 

The f u s i b i l i t y  tempera ture  measurement techn ique a t tempts  t o  r e c o g n i z e  t h e  f a c t  
t h a t  m i n e r a l  m a t t e r  i s  made up o f  a m i x t u r e  o f  compounds each h a v i n g  t h e i r  own 
m e l t i n g  p o i n t .  As a cone o f  ash i s  heated some o f  t h e  compounds m e l t  b e f o r e  o t h e r s  
and a m i x t u r e  of me l ted  and unmel ted m a t e r i a l  r e s u l t s .  The s t r u c t u r a l  i n t e g r i t y  
o r  de format ion  o f  t h e  t r a d i t i o n a l  ash cone changes w i t h  i n c r e a s i n g  temperature as more 
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of the minerals melt. However, more recent results indicate that significant 
melting/sintering can occur before initial deformation is observed (Ref. 6 ) .  The 
fact that the time/temperature history of laboratory ash is quite different from 
conditions experienced in the boiler can result in difference in melting behavior. 
In addition, the ash used in this technique may not represent the composition of 
ash deposits that actually stick to the tube surfaces. Often there is a major dis- 
crepancy between the composition of as-fired ash and that which is found as deposits 
(See Table I ) .  This is a major criticism of the ash fusibility temperatures. The 
discrepancies between fusibility temperature predictions and actual slagging per- 
formance is usually greater on ashes that may look reasonably good based on 
fusibility temperature results. One can usually assume, with reasonable confidence, 
that the melting temperature of the waterwall deposits will be no higher than ASTM 
fusibility temperatures; but deposit melting temperatures can be and are often lower 
than ASTM melting temperatures. This is because selective deposition of lower 
melting constituents can and does occur; hence there is an enrichment of lower 
melting material in the deposit. 

Ash viscosity measurements suffer similar criticism to the fusibility measurements. 
These tests are conducted on laboratory ash and on a composite ash sample. Viscosity 
measurements are less subjective and more definitive than fluid temperature deter- 
mination for the assessment of ash flow characteristics. However, these measurements 
reflect the properties of a totally dissolved solution of ash constituents and may 
not be representative of slag deposit properties in pulverized coal-fired boilers. 
During pulverized coal firing, a severe problem may already exist before slag 
deposits reach the fluid/running state. Generally, only a small quantity of liquid 
phase material exists in deposits and it is the particle-to-particle surface bonding 
which is most important. 

Much use is made of the ash composition which is normally a compilation of the major 
elements in coal ash expressed as the oxide form. From this compilation of elements, 
expressed as oxides, judgements are often made based on the quantity of certain 
key constitutents like iron and sodium. Base/acid ratios are computed and used as 
indicators of ash behavior; normally lower melting ashes fall in the 0.4 to 0.6 
range. It has been shown that base/acid ratios generally correlate with ash 
softening temperatures, so although base/acid ratios have helped explain why ash 
softening temperatures varied, it has not improved predictive capabilities in the 
authors' opinion. Other ratios such as Fe/Ca and Si/Al have been used as indicators 
of ash deposit behavior. Ratios like these have helped to explain deposit character- 
istics, but their use as a prime predictive tool is questionable especially since 
these ratios do not take into account selective deposition nor do they consider 
the total quantities of the constituents present. An Fe/Ca ratio of 2 could result 
from 6/3 or 30/15; the latter numbers would generally indicate a far worse situation 
than the former, but ratios don't show this. 

Many slagging and fouling indices are based upon certain ash constituent ratios 
and corrected using such factors as geographical area, sulfur content, sodium con- 
tent, etc. One commonly used slagging index uses Base/Acid ratio and sulfur content. 
Factoring in sulfur content is likely to improve the sensitivity of this index to 
the influence of pyrite on slagging. (As previously discussed, iron-rich minerals 
often play an important role in slagging.) However, the use of such "correction" 
factors is often a crude substitute for more detailed knowledge of the fundamental 
fuel properties. Another example of this is the use of chlorine content in a coal 
as a fouling index. This can be true if the chlorine is present as NaCl thereby 
indicating the concentration of sodium which is in an active form and that will, 
in fact, cause the fouling. Chlorine 
adversely affect fouling. 

present in other forms may or may not 

197 



S i n t e r i n g  s t r e n g t h  t e s t s  have been used as an i n d i c a t i o n  o f  f o u l i n g  p o t e n t i a l .  
Assuming t h a t  c o r r e c t  ash compos i t ions  have been rep resen ted  (wh ich  i s  l e s s  o f  
a problem i n  t h e  convec t i on  s e c t i o n  than  i n  t h e  r a d i a n t  s e c t i o n )  wor thwh i l e  i n f o r -  
ma t ion  may be ob ta ined  r e l a t i v e  t o  a t ime/ tempera ture  vs. bond ing  s t r e n g t h  
r e l a t i o n s h i p .  I n  o rde r  f o r  s i n t e r i n g  t e s t s  t o  a c c u r a t e l y  p r e d i c t  a c t u a l  behav io r  
i t  i s  necessary t h a t  t e s t s  be conducted  w i t h  ash produced under r e p r e s e n t a t i v e  
fu rnace  c o n d i t i o n s  ( t ime- tempera tu re  h i s t o r y ) .  F o u l i n g  behav io r  i s  o f t e n  g r e a t l y  
i n f l uenced  by sodium r e a c t i o n s .  Sodium which vapor i zes  i n  t h e  f u r n a c e  can condense 
i n  downstream convec t i on  s e c t i o n s  the reby  c o n c e n t r a t i n g  on f l y a s h  su r faces .  Par-  
t i c l e  sur face  r e a c t i o n s  a r e  p r i m a r i l y  r e s p o n s i b l e  f o r  convec t i on  d e p o s i t  bonding. 

I n  summary, t r a d i t i o n a l  methods f o r  p r e d i c t i o n  ash d e p o s i t  c h a r a c t e r i s t i c s  a re  
h e a v i l y  based upon ash chemis t r y .  These convec t i ona l  ana lyses  do n o t  p r o v i d e  d e f i n -  
i t i v e  i n f o r m a t i o n  concern ing  t h e  m i n e r a l  forms p resen t  i n  t h e  c o a l s  and t h e  d i s t r i -  
b u t i o n  of i n o r g a n i c  spec ies  w i t h i n  t h e  coa l  m a t r i x .  Such i n f o r m a t i o n  can be e x t r e -  
mely impor tan t  i n  e x t r a p o l a t i n g  p r e v i o u s  exper ience,  s i n c e  the  n a t u r e  i n  which 
t h e  i no rgan ic  c o n s t i t u e n t s  a re  con ta ined  i n  t h e  coa l  can be t h e  de te rm in ing  f a c t o r  
i n  t h e i r  behav io r  d u r i n g  t h e  ash d e p o s i t i o n  process .  

ASSESSMENT OF NEW PREDICTIVE TECHNIQUES 

Genera l l y  speak ing  t h e  newer bench s c a l e  p r e d i c t i v e  techn iques  a re  f a r  more sens i -  
t i v e  t o  t h e  c o n d i t i o n s  t h a t  e x i s t  i n  commercial f u rnaces  than  t h e  o l d e r  p r e d i c t i v e  
methods. S e l e c t i v e  d e p o s i t i o n ,  f o r  example, has been recogn ized  as a phenomenon 
which cannot be i gnored.  More a t t e n t i o n  i s  b e i n g  p a i d  t o  fundamenta ls  o f  t h e  ash 
fo rma t ion  and d e p o s i t i o n  processes. New t o o l s ,  such as Scanning E l e c t r o n  Microscopy 
(SEM), are be ing  cons ide red  as ways t o  improve p r e d i c t i v e  c a p a b i l i t i e s .  Other,  
more s p e c i a l i z e d  bench s c a l e  appara tuses  a r e  b e i n g  developed t o  s i m u l a t e  i m p o r t a n t  

' aspects o f  commercial c o n d i t i o n s  and p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  on parameters 
t h a t  i n f l u e n c e  bond ing  s t r e n g t h .  

Recent work has shown t h a t  p u l v e r i z e d  coa l ,  i f  separa ted  b y  g r a v i t y  f r a c t i o n a t i o n ,  
can y i e l d  impor tan t  i n f o r m a t i o n  r e l a t i v e  t o  s l a g g i n g  p o t e n t i a l  due t o  t h e  i r o n  
con ten t .  (Ref .  6, 7 ) .  R e s u l t s  o f  t h i s  work have shown t h a t  t h e  percentage o f  i r o n  
i n  t h e  heavy f r a c t i o n s  c o r r e l a t e s  v e r y  w e l l  t o  t h e  s l a g g i n g  behav io r  i n  commercial  
b o i l e r s .  (See F i g u r e  3 ) .  T h i s  techn ique  appears t o  i d e n t i f y  t h e  p r o p o r t i o n  o f  
r e l a t i v e l y  pure  p y r i t e s  p a r t i c l e s  t h a t  a re  genera ted  i n  t h e  p u l v e r i z e d  coa l  f eed  
and t h a t  a r e  capab le  o f  m e l t i n g  a t  r e l a t i v e l y  l ow  tempera tures  and t h a t  would ac- 
count  f o r  enr ichment  o f  i r o n  i n  lower  fu rnace  wa te rwa l l  d e p o s i t s .  

A method f o r  measur ing  a c t i v e  a l k a l i e s  has been developed as a means f o r  improved 
p r e d i c t i o n  of f o u l i n g  p o t e n t i a l  (Ref .  8 ) .  P rev ious  wisdom h e l d  t h a t  f o u l i n g  po ten-  
t i a l  was d i r e c t l y  r e l a t e d  t o  t h e  t o t a l  sodium con ten t .  Much o f  t h i s  e a r l y  work 
was done on low rank  c o a l s  i n  wh ich  case i t  was n o t  uncommon f o r  a l l  o f  t h e  a l k a -  
l i e s  t o  be p resen t  as an a c t i v e  sodium fo rm (Ref .  9 ) .  However, t h e r e  were many 
occasions where the  f o u l i n g  p o t e n t i a l  was n o t  adequate ly  p r e d i c t e d  b y  t h e  t o t a l  
sodium conten t .  (Tab le  I 1  p r o v i d e s  some examples o f  anomalous f o u l i n g  behav io r . )  
The mechanism p o s t u l a t e d  f o r  sod ium- re la ted  f o u l i n g  was one o f  a vapor i za t i on /con -  
densat ion  mechanism. S imple  forms o f  sodium compounds r e s u l t e d  i n  t h e  v a p o r i z a t i o n  
of sodium i n  t h e  r a d i a n t  zone o f  t h e  fu rnace  where peak tempera tures  a re  generated. 
Subsequent condensat ion  o f  t h e  sodium on t h e  r e l a t i v e l y  c o o l  t ube  su r faces  e f f e c t e d  
a process f o r  d e p o s i t i o n  o f  sodium. Sodium i s  a known, e f f e c t i v e  f l u x i n g  agent 
t h a t  can c r e a t e  hard, bonded d e p o s i t s .  The re fe renced  method r e l i e d  on the  use 
O f  weak a c i d  t o  p r e f e r e n t i a l l y  l each  o u t  sodium f rom s imp le  compounds l i k e  NaCl 
and/or o rgan ica l l y -bound  a l k a l i  as would be p resen t  i n  many o f  t h e  l ower  rank  
coa ls .  Th is  method g i v e s  r e s u l t s  t h a t  c o r r e l a t e  w e l l  w i t h  f i e l d  performance on 
coa ls  hav ing  s i g n i f i c a n t  sodium con ten ts  (See Tab le  11). 
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The use of new analytical techniques promises to give results that allow mineral 
matter to be identified according to compositiob mineral form, distribution within 
the coal matrix, and grain size. 

Techniques such as computer-controlled scanning electron microscopy (CCSCM) trans- 
mission electron microscopy (STEM),  X-ray diffracton can be used to characterize 
these properties on individual particle by particle basis. New spectroscopies such 
as extended X-ray absorption of fine structure spectroscopy (EXAFS), and electron 
energy loss spectroscope, (EELS) are capable of determining electronic bonding 
structure and local atomic environment for organically associated inorganics like 
calcium, sodium and sulfur. Other new techniques such as Fourier transform infrared 
spectroscopy (FTIR), electron microprobe, electron spectroscopy for chemical 
analysis (ESCA), etc. all provide methods of improving present capabilities. By 
development and application of these techniques a much better fundamental assessment 
of coal mineral matter behavior is possible. The authors believe these results, 
coupled with those of other existing methods, can make a significant improvement 
to predictive capabilities. 

AREAS OF UNCERTAINTY 

Prediction of ash deposit characteristics based solely on bench-scale fuel pro- 
perties always requires substantial judgement and allows only a certain level of 
confidence. As discussed, the ash deposition process is so complex that detailed 
modelling of commercial systems based on fundamental data is presently unrealistic. 
However, current techniques can provide relative data which in most cases is suf- 
ficient to make accurate assessment of slagging and fouling potentials relative 
to other fuels. 

There remains many areas of uncertainty where experienced judgements must fill the 
gap between good laboratory results/predictions and boiler design decisions. One 
of these areas concerns the extent of deposit coverage in a boiler. Though the fuels 
researcher may adequately characterize a given coal ash in terms of its potential 
deposit effects, he is often at a loss to adequately describe the extent of coverage 
of deposits in the boiler. It is necessary to accurately describe furnace conditions 
in order to assess resulting deposits in particular boiler regions. Though some 
good work is underway in this area, the question of bonding strength and clean- 
ability remains a problem as far as its prediction from bench scale tests. Though 
some good correlations have been developed between iron content of heavy gravity 
fractions and slagging, there does not exist a bench scale technique that can 
simulate what the ash deposit composition shall be when burned in a commercial 
boiler. 

It is possible to increase the level of confidence for prediction of deposit effects 
by conducting pilot-scale combustion studies in test rigs which more closely 
simulate the conditions present in commercial boilers. Combustion testing allows 
evaluation of the ash formation and deposition process and permits detailed char- 
acterization of deposits generated. Results can allow determination of deposit 
characteristics as a function of fundamental boiler design parameters (such as gas 
temperature, velocity, etc.). Combustion test rigs also serve as valuable tools 
for assessment of fuels with very unusual properties and can significantly reduce 
uncertainties in extrapolation of their behavior from past experience. 

Whenever test results are assessed and used to establish boiler design parameters, 
the representativeness of the test sample must be carefully considered. The degree 
of variability in the coal deposit and its impact on the day-to-day fuel properties 
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a r e  very impor tan t  f a c t o r s  which must be eva lua ted .  Judgements a re  a l s o  r e q u i r e d  
on long te rm coa l  supp ly  p r o p e r t i e s .  

I n  summary, i t  can be s t a t e d  t h a t  t he  ash f o r m a t i o n  and d e p o s i t i o n  process  i s  n o t  
f u l l y  understood. T r a d i t i o n a l  ASTM ana lyses  do n o t  always p r o v i d e  i n f o r m a t i o n  t h a t  
can be used t o  make p r e d i c t i v e  judgements a t  t h e  con f idence  l e v e l s  des i red .  Newer 
techniques have been deve loped and a re  be ing  developed t h a t  a r e  more s e n s i t i v e  
t o  the  c o n d i t i o n s  t h a t  e x i s t  i n  t h e  b o i l e r  environment,  and t h a t  recogn ize  t h e  
he te rogene i t y  o f  t h e  i n o r g a n i c  c o n s t i t u e n t s  i n  the  coa l  m a t r i x .  There appears t o  
be a r e c o g n i t i o n  t h a t  no one t e s t  can adequate ly  desc r ibe  coa l  ash behav io r ;  a 
combina t ion  o f  t e s t s ,  each des igned t o  focus  on a p a r t i c u l a r  aspec t  o f  ash behav io r  
seems t o  be a l o g i c a l  approach. Based on t h e  r e s u l t s  f rom many o f  t hese  newer 
t e s t s ,  on c o a l s  t h a t  a r e  p r e s e n t l y  be ing  burned i n  e x i s t i n g  u n i t s ,  t h e  au thors  
f e e l  c e r t a i n  t h a t  s i g n i f i c a n t  improvements have been made i n  p r e d i c t i n g  ash 
behav io r .  
people,  t o  t h e  i d e a  o f  s t a n d a r d i z i n g  some o f  t h e  newer p r e d i c t i v e  techn iques  and 
i n c o r p o r a t i n g  them as supplements t o  e x i s t i n g  ASTM t e s t s .  
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FIGURE 1 

EFFECT OF COAL PROPERTIES ON FURNACE SIZE 
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FIGURE 2 
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FIGURE 3 
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TABLE I 

ENRICHMENT OF IRON I N  BOILER WALL DEPOSITS 
COMPARISON.OF COMPOSITION OF ASH 
DEPOSITS AND AS-FIRED COAL ASHES 

U N I T  

SAMPLE 

1 

AS-FIRED WATERWALL 
COAL ASH DEPOSIT 

- 

Ash Composi t ion 
Si02 

A1203 
Fe203 
CaO 

MgO 
Na20 

TiOp 
K2° 

so 3 

47.0 33.3 
26.7 18.0 
14.6 43.5 
2.2 1.2 
0.7 0.5 
0.4 0.2 
2.3 1.6 
1.3 0.8 
1.1 0.5 

2 

AS-FIRED WATERWALL 
COAL ASH DEPOSIT 

50.2 55.1 
16.9 14.6 
5.9 18.3 

12.8 7.2 
3.5 2 .o 
0.6 0.5 
0.8 0.6 
0.9 0.8 
12 .o 0.1 

TABLE 2 ANALYTICAL DATA ON us. COALS 

b n h  L*nitW 
R* N. Dakota 
(Dry Basis) 
Volatile ...................... 44.4 
Fixed C ..................... 46.0 
Ash ......................... 9.6 
HHV (6tu/lb) (Dry Basis) .... 10640 
Ash Fusibility 

1.0. ('F) ................... 2130 
S.T. ....................... 2180 
H.T ........................ 2190 
F.T. ....................... 2200 

SiO, (%). .................. 200 
A1,03 ..................... 9.1 
Fe,O, ..................... 10.3 
CaO ....................... 22.4 

I MgO ...................... 6.4 
Na@ ...................... 5.0 

1 K,O 0.5 
Tr0 ....................... 0.4 
so3 ............. . . 21.9 

Ash Composition 

....................... 

b 
Total alkali. $6. ash basis 

Na fl. ..................... 5.0 
K@ ....................... 0.5 

N a p  ...................... 5.58 
K@ ....................... - 
Na@ ...................... 112% 
K@ ....................... - 

Soluble Alkali. 96. ash basis 

Relative Soluble Alkali. % 

Sub B 
Montmu 

42 2 
52 0 
5 6  

12130 

1980 
2020 
2060 
2170 

33 9 
11 4 
108 
21 0 
2 7  
5 8  
1 6  
0 7  

12 0 

5 8  
1 6  

6 45 - 

111% - 
nm 

39.6 41.0 
26.9 39.5 
33.5 19.5 
7750 9710 

1940 2150 
2200 2250 
2430 2240 
2610 2530 

62.1 52 3 
15.1 17 4 
3.5 5.3 
6.2 9.4 
0.7 3.2 
3.6 0.9 
2.1 1.2 
0.9 1.2 
6.1 9.6 

3.6 0.9 
1.9 1.2 

3.88 0.71 
0.44 0.00 

108% 79% - 3% 

nm Modantw 

3 

AS-FIRED WATERWALL 
COAL ASH DEPOSIT 

49.7 41.8 
16.5 15.8 
12 .o 28.5 
6.5 9.0 
0.9 0.9 
1.1 0.6 
1.5 0.9 
1.1 0.7 
2.0 0.2 

h B b  
Utah 

41.5 
48.3 
10.2 

12870 

2190 
2270 
2390 
2620 

52.5 
18.9 
1.1 

13.2 
1.3 
3.8 
0.9 
1.2 
6.2 

3.8 
0.9 

1.49 
0.08 

39% 
9% 

hvAb 
hnn 

32.5 
54.0 
13.5 

13200 

2370 
2510 
2560 
2660 

51.1 
30.7 
10.0 
1.6 
0.9 
0.4 
1.7 
2.0 
1.4 

0.4 
1.7 

0.15 - 
38% - 

Limns 
Tsur (Witox) 

38.1 
33.0 
28.9 
8420 

2210 
2300 
2420 
2620 

57.9 
21.8 

3.9 
7.1 
2.1 
0.9 
0.8 
1.1 
4.4 

0.7 
0.8 

0.16 
0.05 

23% 
6% 

La 
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